Abstract: Quantum dots (QDs) are new generation of fluorophores with superior optical properties. For biological applications of QDs, proper surface modification and further conjugation with biomolecules are necessary to make these nanocrystals biocompatible as well as target-recognizable. Preparation of QDs bioconjugates was reviewed in this paper to demonstrate general strategies in the bioconjugation of QDs and typical QDs bioconjugates including QDs conjugated with peptides, proteins or oligonucleotides were introduced. Recent examples on the applications of QDs bioconjugates for sensitive detection of biomolecules such as nucleic acids or proteins were reviewed. QDs bioconjugates used in cell labeling and trafficking, in detection of subcellular molecules and in imaging protein dynamics in live cells were also reviewed with an emphasis on current work reported in the past two years. Latest progress on the application of QDs bioconjugates for in vivo imaging was briefly covered and perspective on QDs bioconjugates and their applications in bioimaging was discussed with related to the issues to be addressed in future QDs applications.
INTRODUCTION
Quantum dots (QDs) are highly fluorescent semiconductor nanocrystals with unique optical properties. Since the first several examples on the application of QDs bioconjugates were reported in 1998 [1, 2] , fluorescent imaging using QDs has become a topic of great research interest for both chemists and biologists. QDs have composition-, shape-and size-dependent luminescence [3, 4] . Compared with organic fluorophores, QDs have broad absorption spectra and narrow, symmetric emission spectra. QDs also have large molar extinction coefficients and high quantum yields. Other advantages of QDs over traditional fluorophores include high photostability and long fluorescence lifetime. These special chemical and optical properties make QDs attractive candidate for new generation of fluorophore for bio-imaging [5] [6] [7] [8] .
The most commonly used QDs nowadays have a coreshell structure such as CdSe@ZnS with CdSe as core and the ZnS layer overcoated to improve luminescence yields. With the growing interest in fluorescent imaging using quantum dots, high quality QDs with proper surface modification are now commercially available. For specific applications of QDs in bio-imaging, it is necessary to prepare bioconjugates of QDs with special biomolecules which can recognize their targets in complex biological environments. Strategies used in the bioconjugation of QDs with bio-active molecules are of great importance to the quality of the resulted QDs bioconjugates. The number of molecules conjugated to each QD surface, the bio-activity of the molecules after conjugation to QDs, and the stability of the QDs bioconjugates are all re-*Address correspondence to this author at the School of Chemistry and Chemical Engineering, Key Lab of Analytical Chemistry for Life Science, Ministry of Education of China, Nanjing University, Nanjing, 210093, P. R. China; Tel: 86-25-83593072; Fax: 83685976; E-mail: njuzy@nju.edu.cn lated to the methods used in preparation of QDs biconjugates. Representative bioconjugation methods have been developed on various biomolecules, which will be reviewed in the first part of this paper.
Successful construct of high quality QDs bioconjugates enables various applications of these bright fluorophores in bio-imaging. The simplest application, which is also the most widely demonstrated, is to detect specific biomolecules including nucleic acids, proteins, etc. present in a complex mixture of various biomolecules in vitro. The sensitivity and specificity in such applications can be greatly improved with well-constructed QDs bioconjugates. QDs bioconjugates have also been frequently used in cell biology and neuroscience. The chemical-and photo-stability of QDs make them ideal for cellular imaging and trafficking. For in vivo imaging, special requirements such as good biocompatibility and long circulation time as well as superior chemical and optical stability must be met for QDs bioconjugates. Therefore, the in vivo imaging using QDs bioconjugates not only demonstrated successful examples but also presented issues to be overcome and resolved for QDs based fluorophores. Recent examples on the application of QDs bioconjugates in bioimaging will be reviewed in the second part of this paper and the perspective on the QDs bioconjugates in bio-imaging will be briefly summarized as the ending part.
PREPARATION OF QDS BIOCONJUGATES
Due to the complexity of biological environments, QDs used in bio-imaging should have the ability to recognize its target from a mixture of bio-molecules. To realize such target specificity, it is necessary to conjugate QDs with "smart" molecules which have specific binding or interaction with target bio-molecules. Different strategies have been applied to prepare QDs bioconjugates. After the original hydropho-bic QDs were prepared in the presence of surfactants such as trioctylphosphine oxide (TOPO) [9] , they were made hydrophilic through surface modification using methods such as ligand exchange and hydrophobic interaction with amphiphilic polymer [10] [11] [12] . Conjugation of biomolecules with QDs can be realized either in the ligand exchange step or in the coupling steps following the surface modification (Fig.  (1) ).
General Conjugation Strategies
As shown in (Fig. (1A) ) ligand exchange using thiolated bio-molecules with hydrophobic QDs is the simplest way to make QDs bio-conjugates. The driving force for such ligand exchange is the higher binding affinity of thiol group with the ZnS shell of QDs compared with the original hydrophobic molecules [9] . Since there were concern on the stability and luminescent properties of the QDs bioconjugates prepared by such direct ligand exchange [13] , efforts have been made to improve the binding ability between the ligand and the QDs surface. Development on new types of ligands such as bidentate thiols [14] [15] [16] [17] , oligomeric phosphine ligands [18] and polycysteinyl peptides [19] provided QDs with improved stability. Polyhistidine has also been used as direct binding site with QDs through its coordination with Zn in the shell of quantum dots [20] [21] [22] [23] .
Conjugation of biomolecules to QDs through coupling reactions with reactive functional groups presented on QDs surface is the other common strategy to prepare QDs bioconjugates. Several kinds of non-specific and specific methods have been developed for such bioconjugation [9] . Carboxylic acid group can be introduced to quantum dots surface either through ligand exchange using bifunctional carboxylic acids or through assembling of amphiphilic block copolymer with polyacrylic acid on the TOPO capped QDs [10] [11] [12] . Biomolecules with primary amine groups can be conjugated to the carboxylic acids coated QDs through coupling reactions mediated by coupling reagents such as 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Fig. (1B) ). Some commercial QDs-streptavidin conjugates were prepared by EDC coupling of streptavidin to the polymer encapsulated QDs bearing carboxylic groups. Other protein or antibody has also been coupled to QDs using this method and the application of QDs conjugates prepared in this manner has been demonstrated not only in vitro, but also in vivo [24] [25] [26] . However, Bio-conjugation through EDC coupling is usually non-specific and prone to crosslinking since there are always quite a lot of free carboxylic groups as well as amino groups in a single biomolecule. Such non-specific coupling sometimes may leads to loss of bio-activity if any of the reactive groups plays important roles in the biological functions of the biomolecules.
Site-specific conjugation of biomolecules to QDs can be realized through special conjugation chemistry. For example, maleimide functionalized quantum dots can react specificly with free thiol group presented in thiolated peptides, antibodies or oligonucleotides modified with thiol groups (Fig.  (1C) ). Mild and site-specific conjugation method using the HaloTag technology, in which a small organic molecule HaloTag ligand forms stable covalent bond with HaloTag protein under physiological conditions, has also been demonstrated [27] (Fig. (1D) ). Using avidin or straptavidin coated QDs, biotinylated biomolecules can be further conjugated to the QDs surface through the specific and strong non-covalent binding between avidin or straptavidin with biotin under physiological conditions (Fig. (1E) ).
Representative QDs Bioconjugates
Based on the strategies described above, biomolecules including peptide, protein, oligonucleotides etc. have been successfully linked to the surface of QDs and these QDs bioconjugates have proved to be useful fluorescent probes for diverse bio-imaging application.
QD-Peptide Conjugates
QDs labeled peptides have been prepared using various strategies including ligand exchange, metal-affinity coordination, thiol-maleimide chemistry, biotin-straptavidn interaction, etc [28] . For example, synthetic short peptides bearing an adhesion domain that could interact with the ZnS surface of QDs through cystein's or histidine's affinity for ZnS have been conjugated to QDs to make small water-soluble peptidic CdSe/ZnS nanocrystals [29] . Curnis et al. conjugated a cyclic CisoDGRC peptide with amine-modified quantum dots through bis[sulfosuccinimidyl] suberate (BS3) activation and identified a new v 3 integrin-binding motif [30] . Cai et al. used a heterobifunctional linker, 4-maleimidobutyric acid N-succinimidyl ester, to conjugate thiolated arginine-glycine-aspartic acid (RGD) peptide to the QDs and applied the QDs peptide bioconjugates for tumor vasculaturetargeted imaging [31] . QDs peptides conjugates which can be used for long-term, nontoxic imaging and nuclear targeting in living cells have been reported by Chen et al. [32] Silanized QDs with thiols on their surface were covalently conjugated with streptavidin-maleimide and then biotinylated peptides with the nuclear localization signal (NLS) sequences were further conjugated to the QDs surface through biotin-straptavidn interaction. Using polyhistidine as the anchoring site to QDs, dye labeled peptides have also been conjugated with QDs and fluorescent resonant energy transfer (FRET) between QDs and the dye has been used for detection of corresponding proteases [33] .
QD-Protein Conjugates
Common strategies for conjugation of QDs with antibodies, such as covalent coupling, metal-affinity interaction and avidin-biotin interaction, have been summarized by Xing et al. [34] and these QDs-antibody conjugates have been widely applied to multiplexing imaging and quantitative immunohistochemistry. Except for antibodies, other proteins have also been successfully conjugated with QDs. Electrostatic interactions between negatively charged lipoic acid capped CdSe/ZnS and positively charged two-domain recombinant proteins were firstly developed by Mattoussi [14] and have been widely used for preparing bioconjugated QDs for in vitro bioassay applications [35] . By using EDC coupling, So et al. conjugated QDs with an eight-mutation variant of R. reniformis luciferase (Luc8) and the resulted QDsLuc8 conjugates were proved to be self-illuminating QDs through bioluminescent resonant energy transfer (BRET) from the Luc8 to the conjugated QDs [25, 26] . Recently, Roullier et al. demonstrated that individual histidine-tagged proteins could bind with Ni 2+ tris-nitrilotriacetic acid (NTA) QDs conjugates with high affinity and could be used in intracellular tracking [36] . An intein-mediated conjugation strategy was reported by Xia et al. for site-specific conjugation of proteins to QDs in preparation of QDs nanosensors for secreted proteases by tumor cells [37] . It was viewed as a traceless ligation since the intein itself was spliced out and excluded from the final QDs protein conjugates.
QD-Oligonucleotides Conjugates
Using EDC coupling, amine modified DNA could be covalently attached to the carboxyl-terminated QDs and the resulting QD-DNA conjugates showed sequence-specific hybridization with target mRNAs [38] . A thiol-reactive hexahistidine peptidic linker was used by Medintz et al. to conjugate thiolated-DNA oligomers with QDs and these resulted components self-assembled to QDs via metal affinity [39] . QDs labeled with streptavidin were conjugated with biotin labeled miRNA through streptavidin-biotin interaction, and combining with complementary oligo-DNA probes, the QD-miRNA conjugates were used for miRNA expression analysis [40] . QDs linked with 2-vinylpyridine could electrostatically bind ABCB1 siRNA, and the resulted QDs -siRNA conjugates were used for siRNA delivery into Caco-2 cells and silencing of the ABCB1 gene [41] . Using a peptide nucleic acid (PNA)-N-succinimidyl-3-(2-pyridylthio) propionate linker, plasmid DNA were covalently conjugated with phospholipid-coated QDs and QDs-tagged DNA could transfect cells with high efficiency [42] . These QD-DNA conjugates may be used for a better understanding of the efficiencies of various processes involved in the cellular and nuclear uptake of plasmid DNA.
Other QD Bioconjugates
Many other bio-active molecules have also been connected with QDs for various applications. Negatively charged hyaluronic acid (HA) self-assembled onto the positively charged QDs through electrostatic interaction, and the HA-QD conjugates showed cancer targeting efficiency and were demonstrated for the fluorescence staining for lymphatic vessels in vitro and in vivo [43] . CrAsH which has a strong affinity for Cys tags was linked to QDs by EDCcoupling and the functionalized QDs bound efficiently and selectively to Cys-tagged proteins [44] . Also by EDC coupling, ferrichrome which is a kind of high-affinity ion chelators was linked to QDs for recognizing Pseudomonas fluorescens cell [45] . Sugar was conjugated with QDs through covalent coupling by 4-maleimidopropanoic acid NHS ester successfully and these QDs bioconjugates were used for in vitro imaging and in vivo liver targeting [46] . Ni-NTA which has a strong affinity for histidine was also covalently conjugated with QDs by 4-(N-maleimidomethyl)-cyclohexane-1-carboxylate for western blot analysis [47] . 
APPLICATIONS OF QDS BIOCONJUGATES IN BIO-IMAGING
With the development of bio-conjugation strategies to make high-quality QDs-biomolecule conjugates, the applications of QDs in bio-imaging were widely explored. Because QDs exhibit excellent optical properties and great potential for multiplexing, various QDs bioconjugates have been widely utilized for sensitive detection of biomolecules such as nucleic acid, protein, etc [48] . Due to the superior chemical and optical stability as well as long fluorescent lifetime of QDs, the bioconjugates of QDs have proved to be excellent fluorescent probes in cell biology, neuroscience and immunolabelling. For in vivo imaging, QDs bioconjugates have also showed their potential applications. Typical applications of different QDs bioconjugates will be reviewed in this part.
QDs Bioconjugates for Sensitive Detection of Biomolecules

Detection of Nucleic Acids
QDs have been viewed as "DNA detectives" because QDs based DNA sensors have promised significantly enhanced sensitivity for DNA detection in medical diagnosis and biomolecular investigations [49] . For in vitro test of target DNA, QDs based FRET pairs turned out to be the optimal choice. Compared with classical DNA-chip technique to detect target DNA, the method developed by Zhang et al. using QDs-Cy5-labeled reporter oligonucleotide conjugates proved to be very convenient since it was label-free and allowed direct detection of nucleic acid sequences [50] . Using QD end-labeling method, Crut et al. demonstrated that the position and orientation of individual DNA molecules could be inferred with good efficiency from the QD fluorescence signals alone under fluorescence microscopy [51] . Except for sensitive detection of native DNA, QDs also could be used for detection of mutant DNA. Ye et al. devised a new method based on QDs for the detection of point mutation in DNA [52] . DNA methylation has also been detected and quantified through the nanotechnology assay based on QDs called MS-qFRET in which QDs were used to capture PCR amplicons during PCR amplification of methylated and unmethylated DNA, and to detect the methylation status via FRET [53] .
QDs bioconjugates also have been applied in RNA related bioassays. Fluorescence in situ hybridization (FISH) based on QDs was used by Chan et al. to study the expression of specific mRNA transcripts and it allowed fluorescent imaging of the subcellular distribution of multiple mRNA targets [54] . Also by the FISH method, Choi et al. used polymer-coated QD-DNA conjugates for direct localization and quantification of gene expression in situ in Drosophila cells [38] . Based on the semiconductor QDs and protonabsorbing polymeric coatings (proton sponges), Yezhelyev et al. designed multifunctional nanoparticles for siRNA delivery and imaging [55] . Their results not only demonstrated dramatic improvement in gene slicing efficiency and simultaneous reduction in cellular toxicity, but also allowed realtime tracking and ultrastructural localization of QDs during delivery and transfection. Bakalova et al. designed and fabricated QD-siRNA conjugates for the selection of highly effective siRNA sequences for RNA interference (RNAi) in mammalian cells [56] in which the accessibility and affinity of the siRNA sequence for the target mRNA site were detected by FRET between QD-siRNA and Cy5-labeled mRNA.
Detection of Proteins
Applications of QDs bioconjugates in detection of proteins mainly lie in two aspects. One is to label specific protein with QDs and the other is to detect the bioactivity of special protein such as protease. Multiplexing labeling of six kinds of endogeneous proteins simultaneously with six kinds of QDs-antibody conjugates has been reported by Giepmans et al. [57] . A QD-based western blot technology was developed by Bakalova et al. for ultrasensitive detection of tracer proteins in cell lysates using QDs antibody conjugates [58] . Through QDs labeling, it is convenient to study the dynamics of proteins which is extremely important in neuroscience. Orndorff et al. used straptavidin conjugated QDs to target biotinylated -Bungarotoxin ( -BTX), which is a highaffinity antagonist of nicotinic receptors (nAchRs), and demonstrated its application in the direct assessment of the presence and mobility of neurotransmitter receptors in native tissue [59] . Nitzsche et al. explored the rotation of the microtubules around their longitudinal axis by labeling the gliding microtubules with QDs to simultaneously follow their sinusoidal side-to-side and up-and-down motion in three dimensions with nanometer accuracy [60] . Binding processes of protein and their template DNA were visualized by Ebenstein et al. using QD-labeled T7-RNA polymerases on the T7 bacteriophage genome, through which the protein-DNA complexes were linearly extended and imaged which allowed the detection on the precise location of the protein binding sites [61] .
QDs based FRET pair with protease substrate peptide as the linker between QDs and FRET acceptor have been widely applied to sense the bio-activity of proteases. Pioneered by the series of work by Medintz et al. [33] , applications of QD-based FRET probes have been extensively studied [62] . Recently, QDs-ssDNA-fluorescent dye conjugates were used as bioprobes by Huang et al. to detect micrococcal nuclease with high specificity and sensitivity [63] . The mCherry monomeric red fluorescent protein engineered by Boeneman et al. to express an N-terminal caspase 3 cleavage site was ratiometrically conjugated to QDs and the subsequent QDs bioconjugates could be used to monitor caspase 3 proteolytic activity [64] . Except for QDs-based FRET pair, the BRET pair with QDs as the acceptor for bioluminescence resonance energy transfer has also found application in detection of specific proteases (Fig. (2) [65] . The proof-ofconcept demonstration on the in vitro application of selfilluminating quantum dots in bio-imaging provided new insight to construct novel QDs-based sensors with low background signal.
QDs Bioconjugates Used in Cell Biology
The brightness, photostability and long fluorescence life time of QDs have made them superior fluorescent probe in cellular biological study [66] . Generally, targeting cellular surface proteins and internalization into cells are the com-mon approaches that allow quantum dots to be delivered into living cells and there was evidence that cells could remain stably labeled for over a week as they grew and developed [67] . Cationic peptides such as transferrin, TAT peptides and other synthetic polyarginine peptides were found to facilitate the cellular uptake of QDs [68] . Anas et al. investigated the contributions of clathrin-mediated endocytosis, receptormediated endocytosis, and charge-based cell penetration or transduction to the intracellular delivery of QD-peptide conjugates [69] . By using an internalization antibody, mesenchymal stem cells were labeled stably and these labeled cells underwent normal differentiation [70] . Garon et al. showed that QDs attached to a transporter protein could effectively label and track human leukemic, bone marrow and cord blood cells and these labeled cells could be tracked for a long time and through many divisions and through differentiation [71] . QDs conjugated with RGD peptides were used to label human mesenchymal stem cells (hMSCs) during selfreplication, and multilineage differentiations into osteogenic, chondrogenic, and adipogenic cells without obvious influence on the normal activity of hMSCs [72] .
QDs bioconjugates can also be used for detection of subcellular molecules and imaging protein dynamics in live cells. NADH-sensitive Nile Blue conjugated QDs were developed for biosensing and probing of intracellular metabolic pathways [73] . QDs were conjugated to Annexin V for targeting of apoptotic cells, for both apoptosis detection and staining of apoptotic "living" cells [74] .; Bannai et al. described a protocol for tracking the motion of membrane molecules in live cells with QDs bound to the membrane molecules of interest whose movements could then be recorded with a fluorescence microscope [75] . Similarly, QDlabeled nerve growth factor (NGF) was used to track the movement of NGF in real time in compartmentalized culture of rat dorsal root ganglion (DRG) neurons and the results revealed that a single NGF dimmer was sufficient to sustain signaling during retrograde axonal transport to the cell body [76] . The dynamics of single potassium channel proteins in the plasma membrane of migrating cells were investigated [77] . Single human calcium-activated potassium channels (KCa3.1) were visualized and tracked at the basal cell membrane using time-lapse total internal reflection fluorescence (TIRF) microscopy. Nechyporuk-Zloy et al. reported that QDs slowed down diffusion of KCa3.1 channels and changed the mode of diffusion. QDs linked to the amyloid protein-synuclein have been used as ultrasensitive nanoactuators and sensors of amyloid aggregation in live cells [78] .
QDs bioconjugates also provide an efficient imaging platform to observe cellular events. Lidke et al. used QDsepidermal growth factor (EGF) conjugates to image the early stages of receptor tyrosine kinases (RTKs)-dependent signaling in living cells and found out that conjugated QDs were highly specific and potent in the binding and activation of the EGF receptor (erbB1) and such binding process revealed an unreported mechanism of retrograde transport to the cell body. Also they demonstrated that erbB2 but not erbB3 heterodimerized with erbB1 after EGF stimulation, which thereby modulated EGF-induced signaling [79] . QDcontaining virus-like particles of simian virus 40 (SVLPQDs) were used by Li et al. to image virus infection behavior in mammalian cells [80] . The bright and stable fluorescent probe made it possible to monitor the whole process including SVLP-QDs entering the cells by caveolar endocytosis, traveling along the microtubules and accumulating in the endoplasmic reticulum (Fig. (3) ).
QDs Bioconjugates for In Vivo Imaging
QDs have been considered as one of the most promising nanoparticles which could have extensive applications in imaging deep tissue or tumor on living animals. After the initial studies on the potential applications of QDs in in vivo imaging were reported [1, 81] , extensive work on the possible applications of QDs in in vivo imaging has been done. Systematic investigation on QDs with different surface coatings with respect to their circulating half lives, biodistribution and photo-stability have been performed in noninvasive imaging in mice [82] . Schipper et al. also evaluated the influence of size, PEGylation and surface coating on the distribution of QDs in mice [83] . Recently Fitzpatrick et al. reported that fluorescence of QDs could still be observed two years after injection, though with significantly blue-shifter emission [84] . Yong et al. suggested that near-infrared QDs could be excellent probes for long-term targeting and imaging in vivo since large signal enhancements were observed by these QDs and no adverse effect to the health of the mice was observed within three months after injection of their QDs [85] . Since many of the in vivo applications of QDs have been reviewed elsewhere [86] [87] [88] [89] [90] , we'll concentrate on recent progresses on the in vivo imaging on specific tissues or on tumor using QDs bioconjugates.
For in vivo tissue targeting imaging, one example was to use five QDs with similar physical sizes but different emission spectra for noninvasive and simultaneous visualization of five separate lymphatic flows draining via direct interstitial injection [91] . Recently Bhang et al. developed hyaluronic acid conjugated QDs (HA-QDs) for in vivo lymphatic vessel imaging [43] . Using the HA-QDs in a small animal model, lymphatic vessels were visualized for a couple of days and they showed the potentials toward cancer imaging and real-time visualization of changes in lymphatic vessels. Lei et al. used QDs to track stem cells in vivo. Tatpeptide conjugated QDs were first introduced into living stem cells and these cells were then i.v. injected into the tail veins of NOD/SCID beta2M null mice. Distribution of transplanted stem cells was then assessed by tissue sections of major organs, followed by fluorescence microscope [92] . A QDs-based platform for brain imaging has been established by Gao et al. to improve the low blood-brain barrier permeability of QDs, they incorporated QDs into the core of poly(ethylene glycol)-poly(lactic acid) nanoparticles and the particles were then functionalized with wheat germ agglutinin (WGA) and delivered into the brain via nasal application [93] . These QD-containing particles showed excellent and safe brain targeting and imaging properties (Fig. (4) ). Besides, with PEG functional terminal groups available on the nanoparticles surface, the nanoprobe might allow for further conjugation of various biological ligands, holding considerable potential for the development of specific imaging agents for various CNS diseases.
Since Gao et al. reported the application of multifunctional QDs conjugated with an antibody which target prostate-specific membrane antigen (PSMA) for in vivo imaging of prostate cancer in nude mice [94] , there has been great research interest to use diverse QDs bioconjugates for in vivo tumor imaging. QDs conjugates with RGD peptides have been successfully used for imaging tumor vasculature in live mice [24] and binding of QDs RGD conjugates with tumor blood vessels in living subjects has been recorded by intravital microscopy with subcellular resolution [95] . Tada et al. conjugated QDs with the monoclonal anti-HER2 antibody and then these QDs conjugates were injected into mice with HER2-overexpressing breast cancer to monitor the delivery process of QD-antibody in vivo [96] . A single-chain anti-EGFR antibody (ScFvEGFR) was conjugated to QDs or magnetic iron oxide (IO) nanoparticles by Yang et al. for in vivo tumor targeting and imaging and their results showed the ScFvEGFR nanoparticles could specifically bind to and be internalized by EGFR-expressing cancer cells and target tumor in vivo in pancreatic cancer model [97] . Other strategies developed to target tumor tissue including the functionalized quantum dot-liposome (f-QD-L) hybrid vesicles [98, 99] and lipid-quantum dot (L-QD) bilayer vesicles [100] have also been reported.; recent work by Gao et. al demonstrated high tumor uptake of ultrasmall near-IR QDs. The human serum albumin (HSA) coated ultrasmall QD800-MPA nanoparticles (QD800-MPA-HSA) with a small hydrodynamic diameter (<10 nm) showed enhanced permeability and retention effect in tumor imaging, which could make QDs bioconjugates more effective in cancer imaging in vivo [101] .
PERSPECTIVE OF QDS BIOCONJUGATES IN BIO-IMAGING
In spite of the wide applications of various QDs bioconjugates in bio-imaging, there are still some issues left to be considered for the ultimate goal of using QDs for medical diagnosis for human being. New generations of QDs bioconjugates with better stability, less toxicity and higher specificity for higher signal/noise ratio will always be of great interest for its applications in bio-imaging. QDs with a gradient structure are found to be small and nonblinking that could offer new opportunities for dynamic single-molecule imaging in living cells [102] . Using less toxic chemicals as the core of QDs to further improve the bio-compatibility of QDs is also an important direction to be explored. InAs/InP/ZnSe with unique near-IR fluorescence has showed outstanding optical properties and had significantly lower intrinsic toxicity [103] . These properties are desired for in vivo applications and these non-Cd containing quantum dots showed better improved circulation half-life and minimal RES uptake. Similarly, fluorescent carbon nanoparticles were successfully used for in vitro and in vivo imaging [104] and gold nanoparticles were used for in vivo tumor targeting and spectroscopic detection [105] . It is worthy to note that luminescent porous silicon nanoparticles (LPSiNPs) that were used for tumor imaging and drug delivery could self-destruct into renally cleared components in a short time while with no toxicity [106] . QDs-based dual-modality imaging such as optical imaging/MRI with QDs coated with paramaganetic lipids [107, 108] and NIRF/PET with QDs bioconjugates with 64 Cu chelator [109, 110] could combine the advantage of different imaging techniques and therefore should be one promising direction for bio-imaging. These examples all pointed out the future directions of quantum dots and numerous efforts are being made toward this direction now. 
